Quartz crystal microbalance (QCM) coated with poly-4-vinylpyridine (PVP) and metal organic framework HKUST-1 are investigated and compared for humidity sensing. Drop casting method is employed to coat the PVP and HKUST-1 solutions onto the surface of a quartz crystal microbalance. The resonance frequencies of these sensors with varying relative humidity (RH) from 22% RH to 69% RH are measured using impedance analysis method. The sensitivity, humidity hysteresis, response, and recovery times of these sensors are studied. The sensitivities of uncoated, PVP, and HKUST-1 coated QCM sensors are 7 Hz, 48 Hz, and 720 Hz, respectively, in the range of 22% RH-69% RH. The extraction of desorption rate and adsorption energy associated with the adsorption and desorption of water molecules on these surfaces reveals that HKUST-1 has better sensing properties than PVP and uncoated QCM sensors. In this work, the HKUST-1 coated QCM is shown to be a promising material for moisture detection.
Introduction
Humidity measurements play a crucial role in various fields, such as industries, agriculture, automobiles, and medical and other domestic applications for human comfort [1] [2] [3] . Thus, there is a demand for affordable and highly sensitive humidity sensors. Quartz crystal microbalance (QCM) is best suitable for this requisite since it is highly sensitive to mass changes [4] [5] [6] . QCM has been widely used as a mass sensor by measuring the shift in resonance frequency due to mass loading [4] [5] [6] [7] [8] [9] . The change in mass (Δ ) of the QCM can be estimated by measuring the shift in the resonance frequency (Δ ) and is given by Sauerbrey equation [9, 10] :
where 0 (Hz) is the resonance frequency of the QCM, is the density of quartz crystal (2.649 g cm −3 ), is the shear modulus (2.947 × 10 10 N/m 2 ), and is the area of the gold electrode onto the quartz crystal.
QCM is extensively studied as a gas sensor [11] [12] [13] [14] [15] . In the gas sensing applications, studies mainly focused on improving the sensitivity or enhancing the sensing properties like reproducibility and response/recovery speed of the materials. These properties depend on the chemical and physical properties of the sensing film on the QCM based sensors. Various materials, such as organic polymers [16] , ceramics [15] , hybrid polymer/inorganics systems, polymer electrolytes [17] , and composites [18] , are used for humidity sensing.
Recently, metal organic frameworks (MOFs) have drawn attention due to their structural and functional tunability [19] [20] [21] [22] [23] [24] . They are a new class of crystalline nanoporous materials made by linking inorganic and organic units by strong bonds. The significant porosity has allowed the inclusion of large molecules and their high surface area makes them suitable for different sensing applications. MOF-based humidity sensors are reported by employing different analysis techniques such as luminescence spectroscopy, surface plasmon resonance spectroscopy, surface acoustic wave, QCM, and localized surface polarized resonance (LSPR) [25] [26] [27] conditions as impedimetric gas sensor [28] . The copper (II) MOF [Cu 3 (btc) 2 ] (btc = 1,3,5-benzenetricarboxylate), a metal organic framework also known as HKUST-1, integrating with QCM, was first time investigated for detection of volatile organic compounds, such as acetone, tetrahydrofuran (THF), and isopropyl alcohol (IPA) [29] . Allendorf et al. [30] used microcantilever coated with HKUST-1 to detect the water, methanol, and ethanol vapors. Ellern et al. used piezoelectric microcantilever coated with HKUST-1 for humidity and hydrocarbon gases detection [31] .
In this work, we study the performances of a QCM coated with HKUST-1 and PVP for relative humidity sensing. Different sensing properties of these sensors, such as sensitivity, repeatability, response, and recovery times, are investigated.
Experiment

Preparation of PVP and HKUST-1.
Polyvinyl pyridine (PVP) solution is prepared by dissolving 1 mg PVP powder with a molecular weight of 8,000 in 10 mL of ethanol. Uniform solution of PVP is achieved by sonicating the mixture for half an hour.
HKUST-1 is prepared by chemical route method [32] [33] [34] . 1 mg of HKUST-1 is dissolved in 10 mL of ethanol and then sonicated for half an hour.
Fabrication of PVP/HKUST-1 Coated QCM Sensor. A 1.84
MHz AT-cut quartz crystal with 5 mm diameter gold electrodes is used in this work. The QCM is thoroughly washed with deionized (DI) water and then with the ethanol solution. It is dried for one hour at 50 ∘ C. Drop casting method is used to deposit the polymer and HKUST-1 solutions onto the QCM surface. After deposition of these sensing materials on QCM, it is dried for one hour at 50 ∘ C and kept in a dry environment overnight. Figure 1 shows the experimental setup used in this work. QCM sensor is placed in a customized test chamber. A high-pressure nitrogen supply is connected to a bubbler, which contains the desired gas in the liquid phase.
Apparatus.
The output of the bubbler is connected to the test chamber via the flow controller. A data acquisition card (DAQ) from National Instruments is connected to the flow controller and set to allow the vapor flow. Experiments are conducted by varying the relative humidity (RH) in the chamber. The RH in the chamber is decreased from 68% RH to 6% RH by purging nitrogen (N 2 ) gas over a period of 2 hours. For increasing the RH from 6% RH to 68% RH, the chamber is purged with N 2 gas through DI water. A standard RH meter is used to measure the RH in the chamber. The resonance frequency of the QCM at different RH levels is measured using a precision impedance analyzer. All measurements are conducted at room temperature (25 ∘ C). Figure 2 shows the conductance curves of the uncoated, PVP, and HKUST-1 coated QCM sensors at 68% RH and 22% RH, respectively. It can be seen that the conductance curves of the three sensors shift to a lower frequency with increasing humidity. It indicates that the mass loading due to adsorption of water molecules causes a decrease in the resonance frequency of the sensor. The shift in frequency is found to be higher for HKUST-1 coated QCM as compared to others. Figure 3 (a) shows the shift in the frequencies of uncoated, PVP, and HKUST-1 coated QCM sensors with varying RH from 22% RH to 68% RH. The downshift in frequency is due to the addition of mass loading on the sensor as RH is increased to 68% RH. The frequency shifts (i.e., sensitivity) of the uncoated, PVP, and HKUST-1 coated QCM humidity sensors are 6.7 Hz, 48 Hz, and 720 Hz, respectively, when RH is changed from 22% RH to 68% RH in the chamber. The sensitivity of the HKUST-1 coated QCM is two orders of magnitude higher than the uncoated QCM and one order of magnitude higher than the PVP coated QCM humidity sensor, respectively. Large porosity and intrinsic hydrophilicity of HKUST-1 material enable more adsorption sites for sensing and hence resulted in higher frequency shift than other materials. Logarithm of the frequency shift of all the devices shows linear relationship with the relative humidity. Figure 3 (b) shows log(Δ ) with relative humidity for the three devices. The regression coefficients, 2 , obtained by linearly fitting the data, are estimated as 0.03859, 0.01003, and 0.01003 for uncoated, PVP, and HKUST-1 coated QCM humidity sensors, respectively.
Results and Discussion
Hysteresis is defined as the lag in the response exhibited by a sensor when exposed to adsorption and desorption process. For a perfect sensor, the adsorption and desorption curves typically follow the same path. The humidity hysteresis characteristics of the three devices are also examined. During the adsorption process, the devices are exposed to RH in the chamber from 22% RH to 68% RH. During the desorption process, the RH in the chamber is decreased from 68% to 22% RH. Figure 4 shows the hysteresis response of the three devices for increasing and decreasing of relative humidity in the chamber. The lag in the response of the three devices during adsorption and desorption of water molecules is clearly observed.
All the devices show hysteresis in the response curves when the RH is increasing and decreasing in the chamber. The rate of adsorption is not the same as the rate of desorption in all the devices. At 22% RH, the hysteresis for HKUST-1 coated QCM is higher than the other sensors. The reason may be attributed to different energies associated with the adsorption and desorption of water molecules due to the chemical nature of metalorganic framework HKUST-1.
Reproducibility and reversibility are considered to be important properties of any sensor. To study this, the three devices are exposed to different RH levels in the chamber and repeated for five-time cycles. Figure 5 shows the frequency shift of the three devices when RH is varied from 22% RH to 69% RH in the chamber. In the first stage, the chamber is flushed with N 2 to attain a base line. Then the sensors are exposed to water vapor flow in the chamber until it reaches 69% RH in the chamber. The frequency shift at this RH has indicated that the maximum amount of water was adsorbed onto the surface. Now water vapor flow is replaced by an N 2 flow which reduces the RH in the chamber from 69% RH to 22% RH and the whole process is repeated for five cycles. The frequency shift for HKUST-1 coated QCM sensor is higher than PVP and uncoated QCM sensors. However, HKUST-1 coated QCM shows more reduced sensing reproducibility than others, which can be due to the high desorption energy required to recover the water molecules from the HKUST-1 film. The other reason may be due to the nonuniform nature of the film coated on QCM due to the drop casting method. On the other hand, the uncoated and PVP coated QCM sensors show good reproducibility in sensing responses. The reproducibility in HKUST-1 coated QCM may be improved by a uniform coating of the film on the QCM.
Response and recovery times are helpful in understanding how fast the adsorption and desorption are taking place on the sensing surface. The frequency shifts versus time for the three sensors for one cycle of low-high-low (22% RH-68% RH-22% RH) are repeated. Figure 6 shows the frequency shift of PVP and HKUST-1 coated QCM sensor when RH is changed from 22% RH to 68% RH to 22% RH.
The time taken to reach 90% variation in the frequency shift upon exposure to water vapor is defined as the response time response . Similarly, the time taken to reach 90% variation in the frequency shift upon exposure to N 2 flow in the chamber is defined as the recovery time recovery . The response and recovery times for the sensors are calculated from Figure 6 . response and recovery values for PVP and HKUST-1 coated QCM are 116 s and 386 s and 1676 s and 1051 s, respectively. The response times are relatively shorter than the recovery times which implies that the adsorption of water molecules is faster than desorption of water for these sensors.
To understand the physical and chemical mechanisms involved in the adsorption of water molecules on the sensing surfaces, kinetic parameters associated with the molecular adsorption, such as adsorption/desorption rate constant ( , ), fractional surface coverage ( ), and the number of adsorption sites ( ), are estimated from the experimental data. The adsorption of molecules on the sensing surface can be understood from its physical chemistry theories of adsorption [35, 36] . Understanding the molecule interaction mechanism allows the designing of appropriate sensing materials for different applications. Kinetic parameters are desirable as high as possible, which bring fast adsorption and desorption rates and high sensitivity of the sensors.
One cycle of adsorption and desorption curves of uncoated, PVP, and HKUST-1 coated QCM sensors from Figure 5 are fitted with a linear fit. Figure 7 shows that the one cycle of adsorption and desorption of water molecules of uncoated QCM and the initial adsorption and desorption are linearly fitted. According to the frequency shift value and using (1), the mass loading due to adsorption can be estimated. The molar number of the adsorbed molecules is found to be 1.46 × 10 16 . Putting this value in the linearly fitted equation of desorption curve as shown in Figure 7 and converting the frequency (Hz) into a molar number of desorbed molecules, the rate of desorption can be obtained. Desorption rate constant is calculated as = 4.5 × 10 −3 s −1 . Now dividing the linear fitted equations of adsorption and desorption curves, we can get the following equations of = (16 )/11 and = (1 + ) −1 , where = / , is the rate constant, and is the partial pressure of the water vapor. Solving these two equations, we get = 43%. From the desorption rate , adsorption energy can be estimated using [37] = exp [− / ], where is the adsorption energy, is Avogadro's number (6.02 × 10 23 mol −1 ), is Boltzmann's constant (1.38 × 10 −23 JK −1 ), is the temperature (293 K), and is the preexponential factor of the order of 10 12 s −1 . By substituting these values, the activation energy is estimated to be 80 kJ/mol. Similarly, the same procedure is implemented for PVP and HKUST-1 coated QCM sensor data to extract the kinetic parameters. The sensing parameters and kinetic parameters for all the devices are tabulated in Table 1 . It shows that HKUST-1 coated QCM has high sensitivity because of its high adsorption energy and fractional coverage of the molecules on the surface. The sensing parameters may be further improved by a uniform coating of HKUST-1 on QCM. Figure 5 : Frequency shift of uncoated, PVP, and HKUST-1 coated QCM sensors for varying relative humidity from 22% RH to 69% RH. 
Conclusions
We compared the performances of uncoated, PVP, and metal organic framework HKUST-1 coated quartz crystal microbalance as humidity sensors. The sensing properties, such as sensitivity, the response, and recovery times, are calculated from the experimental data and compared. The sensitivities of uncoated, PVP, and HKUST-1 coated QCM sensors are 7 Hz, 48 Hz, and 720 Hz in the range of 22%-69% RH, respectively. This shows that HKUST-1 coated QCM has high sensitivity because of its high adsorption energy and fractional coverage of the molecules on the surface. Kinetic parameters of adsorption and desorption of water molecules Journal of Sensors 7 are extracted from the experimental data and reveal that HKUST-1 is a promising candidate for humidity detection.
